Semiconductor microcavities offer an ideal scenario to study strong radiationmatter interactions. In this paper we review the temporal dynamics of polaritons in II-VI and III-V based microcavities under non-resonant excitation conditions. We present evidence of final-state stimulated scattering and discuss the spin-dependent emission, which exhibits a remarkably rich behaviour.
Introduction
Semiconductor microcavities are very suitable systems to investigate light-matter interaction in confined structures. In a planar microcavity, a quantum well (QW) excitonic state can be brought into resonance with a discrete Fabry-Perot mode of the cavity (δ = E C − E QW = 0). If their interaction energy is greater than any homogeneous or inhomogeneous broadening of the bare photon or exciton mode, the system is in the strong-coupling (SC) regime, first observed in 1992 by Weisbuch et al [1] . In the SC regime, the eigenstates of the system are mixed states of light and matter, called polaritons, and the energy eigenvalues are modified with respect to those of the uncoupled particles. The normal-mode splitting breaks the degeneracy of photons and excitons into lower and upper polariton branches (LPB, UPB). The modification of the spontaneous-emission dynamics of QWs embedded in a planar microcavity, and its detuning dependence, were explained by the strong radiative coupling between the radiant exciton states and the cavity photon modes [2] . The SC regime has attracted great interest because of its importance from a fundamental point of view as well as for possible applications, in particular when the system is excited by non-resonant optical pumping. It was soon realized that bosonic effects, which should be observable in bare quantum wells, could become a reality in microcavities. Whereas in the former case the required particle densities to access boson statistics were too high, in the latter systems, however, this is possible due to an altered density of states (DOS) in the strongly coupled polariton system. In recent years, this possibility of achieving a polariton condensation at the bottom of the dispersion relation has elicited great interest [3] . Like excitons, polaritons, due to their integer spin, can be described as bosons, provided that their densities are sufficiently low [4] [5] [6] . Whether this approximation is valid or not can be obtained from an inspection of the commutator of the boson operators, which equals approximately 1 − 2π a 2 B n X . The deviation of the commutator from unity is directly proportional to the exciton density, n X , and to the square of the Bohr radius, a B , i.e. the bosonic approximation is only valid if 2π a 2 B n X 1. Kira et al [7] calculated the Bose commutator for GaAs QWs that were incorporated into a microcavity and found that it is only close to 1 when n X 10 10 cm −2 . Since the Bohr radius in GaAs QWs is about 150Å and in CdTe ∼ 30Å, the Bose limit is valid to an exciton density at least one order of magnitude higher in the CdTe system than in the GaAs case. When Bose statistics is valid, one state can be occupied by more than one particle. It can be shown that when the occupation number of such a state reaches 1, the rate at which particles relax from the excited state to the ground state increases exponentially. Therefore this process is called final state stimulation (FSS) of the polariton relaxation. Phonon emission is the most common process invoked in this relaxation, but it was predicted a few years ago [8] that direct polariton-polariton scattering can also lead to FSS.
Experiments on microcavities indeed showed nonlinear emission behaviour in the UPB at positive detunings, δ > 0, which was attributed to FSS [9] . However, this behaviour was reproduced by calculations based on fermionic particles and it was concluded that the observed nonlinear emission was due to lasing of an inverted electron population [7] . These calculations showed that the Bose commutator was well below unity in the density range where the nonlinear effect was observed. Probably, the first work to provide convincing evidence for FSS in microcavities is the seminal paper on the low-temperature photoluminescence (PL) in CdTebased systems [10] . Later, two experimental works were published almost simultaneously, which indicate FSS relaxation in microcavities at zero and negative detunings [11, 12] : an exponential increase of the gain with increasing excitation density was observed, indicating FSS in III-V microcavities. Further experiments by the British team investigated the angleresolved and time-integrated emission from the same system [13] . Ciuti et al could reproduce the experimental features by calculations made in the polariton basis assuming their bosonic character [14, 15] . In contrast to Huang et al, where the dynamics lasted about 100 ps, indicating an incoherent process, Savvidis et al observed the gain only during the seeding pulse duration [11] , and they verified that the injected and scattered polaritons share the same phase relation between each other, rendering a coherent process, which was identified as parametric scattering of polaritons. A similar result was achieved in four-wave mixing experiments [16] and by continuous wave pumping of the LP also at a certain in-plane wavevector, K [17, 18] . Additionally, Stevenson et al deduced the occupation number, n f , directly from measurements and obtained values above 100 for K LP = 0, estimating the onset of nonlinear emission around n f = 1 [17] . Prior to these experiments, results on non-resonantly excited InGaAs/GaAs microcavities were published, which showed nonlinear emission from the LP at negative detunings [19, 20] . Here the nonlinear increase of emission in the SC regime was observed at densities where the Bose commutator is still close to 1. Thus the assumption that FSS is responsible for the observed effects seems to be justified. Boeuf et al reported a nonlinear emission in the SC regime in CdTe microcavities, under non-resonant pulsed excitation [21] . Parametric amplification up to 220 K has also been demonstrated in CdTe-based microcavities and it has been shown that the cut-off temperature of the amplification is determined by the binding energy of the excitons [22] . Evidence for spontaneous formation of a non-equilibrium Bose condensate of coherent exciton polaritons has been obtained from an analysis of the emission characteristics of CdTe-based microcavities, in the near field and far field, excited by a pulsed and non-resonant optical pump [23] . In this work, it was showed that, above a threshold pumping power, light is emitted by a single quantum state lying at the bottom of the lower exciton-polariton band. The emission intensity increases exponentially with pump power and its linewidth becomes narrower than the cavity mode width. Furthermore, near-field spectroscopy shows that the stimulated emission comes from several bright spots in the cavity plane. A nonlinear increase of the emission intensity into the normal direction, an acceleration of the build-up and decay of the emission, a spatial concentration of the LPs followed by a slow expansion, and an increase in the degree of circular polarization have been interpreted as a signature of a macroscopic polariton condensation. Moreover, a phase transition from a classical thermal mixed state to a quantum-mechanical pure state of exciton polaritons is invoked from the decrease of the second-order coherence function [24, 25] .
The case of non-resonant excitation is of particular interest as an intermediate step in the fabrication of potential devices. However, there is a major disadvantage for non-resonant excitation: a bottleneck in the relaxation of polaritons towards K = 0 states. For small polariton populations, the non-resonantly created polaritons accumulate in the bottleneck region, hindering the energy relaxation. However, for large enough populations, strong polariton-polariton interactions trigger the stimulated relaxation to K = 0. This polariton final-state stimulated scattering has proven to be very efficient in overcoming the bottleneck, allowing the observation of very interesting nonlinear effects, such as polariton stimulated emission [18, 26] , optical gain [22] and very recently a condensation [23] . In experiments performed in III-V microcavities under cw conditions, it was concluded that nonlinear emission under a single non-resonant excitation is due to collisions and not to stimulated scattering, while under two beams, one out of resonance and the second creating a large occupation factor in the lower polariton final state, the transfer is due to stimulated scattering [27] . However, more recently, in II-VI microcavities, time-resolved photoluminescence measurements under non-resonant excitation have been explained on the basis of stimulated polariton-polariton scatterings towards the lowest-energy polariton states [28] . Last but not least, a massive occupation of the ground state developing from a polariton gas at thermal equilibrium, together with an increase in temporal coherence and a build-up of long-range spatial coherence and linear polarization in CdTe microcavities, has been interpreted as the existence of an spontaneous onset of a macroscopic quantum phase [29] . The Boltzmann dynamics and condensation kinetics of microcavity polaritons, including both polariton-polariton and polariton-phonon scattering, has been fully modelled in a series of recent papers by Haug et al [30] [31] [32] . The thermodynamics of polariton condensates, including effects of localization, disorder, the internal structure of polaritons and decoherence processes, has been extensively studied by Littlewood and co-workers [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] .
Recently, the spin properties of polariton systems came under intense investigation since a rich variety of spin-dependent effects has been observed experimentally. The key role played by the use of circularly polarized excitation and detection was demonstrated in the study of the nonlinearities in the emission from the lower polariton branch [19] , where, employing resonant excitation into the upper polariton branch, long polariton spin-relaxation times were reported. It was demonstrated that the nonlinearities arise from stimulated scattering into spin-polarized states at the bottom of LPB, the stimulation arising as a result of the bosonic character of the polariton states. The seminal experimental works under both resonant [11, 19, 46, 47] and nonresonant excitation [48] [49] [50] stimulated many fruitful discussions about the role of polaritonpolariton interactions on the spin dynamics [51] [52] [53] . Following the experiments, a wealth of theoretical descriptions of these phenomena has been published [54] [55] [56] [57] [58] .
In recent years, the study of the linear polarization of the emission has flourished. In II-VI microcavities a dominance of vertically polarized (TE) emission over the horizontally polarized one (TM) for both vertically and horizontally polarized excitation has been described, together with a persistent difference between the two components of the emission leading to a net and constant (within the duration of the emission) linear polarization degree [59] . The angular dependence of the degree of linear polarization of the emission has been studied in InGaAs microcavities: for the LPB emission at negative detunings, an abrupt switch from large positive values of the linear polarization at small angles, close to the growth direction, to large negative values for angles outside a narrow cone of about ±2 • has been reported and attributed to cavity birefringence effects [60] . An experimentally observed inversion of the linear polarization of the emission with respect to that of the exciting light has been linked to the dominant role of the exchange interaction in the polariton-polariton scattering [61] . The rotation of the plane of polarization of light in a microcavity parametric oscillator has been described by a quantum model, which takes into account polariton-polariton scattering, longitudinal-transverse splitting and self-induced Larmor precession [62] . Very recently, strong experimental evidence of optical anisotropy in a CdTe-based microcavity has been obtained from the pinning of the linear polarization to one of the crystallographic axes independently of the polarization of the excitation. This effect is attributed to a splitting of the polariton doublet at K = 0, which appears as a consequence of birefringence in the mirrors and/or the cavity [63] , in consonance with the anisotropy found in the Rayleigh scattering along different crystallographic axes, which has been attributed to misfit dislocations in the cavity mirrors [64] . Emission experiments performed under elliptical excitation conditions [65] indicate, on one hand, that the polariton spin evolution is characterized by its precession around a self-induced exchange field, which arises from the imbalance between renormalization terms of differently populated single circular polariton states. On the other hand, mutual Coulomb exchange is governed by two kinds of terms. The first ones, acting on polaritons with the same spin, dominate and are responsible for the dynamical repolarization observed in the stimulated scattering regime, as well as for the renormalization of single-polariton states. The second, much smaller, act on polaritons with opposite angular spin and, in a linearly polarized polariton ensemble, they are responsible for the scattering efficiency imbalance toward pairs with polarization parallel or orthogonal to the initial one, leading to strong negative linear polarization of the signal in the stimulated regime. The possibility of switching the linear polarization of a polariton laser by means of an electric field applied along the growth direction of a microcavity has been proposed [66] . Very recently, it has also been shown theoretically that the condensation of spin-degenerated exciton polaritons results in a spontaneous build-up of linear polarization in emission spectra of semiconductor microcavities [67] , and therefore that linear polarization is a distinctive feature for polariton condensation under unpolarized pumping. If spin degeneracy is lifted, an elliptically polarized light is emitted by the polariton condensate [68] . Excellent reviews on microcavity polaritons have already been published in the literature: Khitrova et al [69] present the nonlinear optical properties of QWs grown inside high-Q Bragg-mirror microcavities, and the experimental observations are explained using a microscopic theory for the Coulomb interacting electron-hole system in the QW that is nonperturbatively coupled to the cavity light field; Savona et al [70] make a theoretical analysis of the optical properties of polaritons and emphasize the existence of the two well-defined coupling regimes (strong versus weak); they also analyse in detail the photoluminescence from microcavities considering the polariton formation and realization and the effects of the exciton inhomogeneous broadening; the book by Kavokin and Malpuech [71] covers linear properties of microcavities such as dispersion of polaritons and disorder effects and nonlinear properties, including parametric amplification, Bose condensation and polariton lasers; two special journal issues [3, 72] cover the latest developments up to the year 2005.
In this paper we review our experiments on the temporal dynamics of polaritons in II-VI and III-V based microcavities under non-resonant excitation conditions. We present evidence of final-state stimulated scattering and discuss the spin-dependent emission, which exhibits a remarkably rich behaviour. The manuscript is organized as follows: section 2 describes the samples and the time-resolved experimental details; section 3 deals with the characterization of the samples; section 4 presents the dynamics of the emission under high-excitation conditions; section 5 discusses the angular dependence of the dynamics of the light emission; section 6 introduces the dynamics of the polarization under circular-polarization conditions, which for the sake of clarity is separated from that under linear polarization; section 7 demonstrates the coexistence of strong-and weak-coupling regimes under circular polarization; section 8 shows a pinning of the linear polarization due to birefringence effects and, finally, the conclusions are presented in section 9.
Samples and experiments
We have studied microcavities containing three different types of QWs: (A) In 0.06 Ga 0 Although quantitatively the results depend on the material system, many of the observations are common to the three types of microcavities, and we will present the most relevant results.
Type A microcavities were 3λ/2 wedged microcavities with two sets of three In 0.06 Ga 0.94 As QWs, embedded in a GaAs spacer, at the antinodes of the electromagnetic field. The samples were grown by metal-organic vapour-phase epitaxy. Above and below the cavity spacer, Al 0.1 Ga 0.9 As/GaAs distributed Bragg reflectors were grown. We will present the results from a sample with a Rabi splitting of 6.6 meV between the upper and lower polariton branches, measured by low-power cw photoluminescence at 5 K.
The type B sample, grown by molecular beam epitaxy, consists of three GaAs QWs embedded in a 3λ/2 Al 0.25 Ga 0 Te. The cavity finesse, extracted from cw reflectivity measurements, amounts to 1200, assuring the excellent quality of the sample. The Rabi splitting is also determined by cw reflectivity measurements and amounts to ∼9.5 meV. Sample C2 is similar to C1, the only differences being the cavity length and the number of QWs, λ and four, respectively, in this case. The Rabi splitting of C2 amounts to ∼14 meV.
In the three cases, a slight variation (introduced by design during growth) of the cavity's thickness along the radial direction of the wafer allowed us to tune the cavity's resonance with the transition in the QWs, and therefore to choose the exciton-cavity energy detuning, δ, by moving the excitation spot across the sample.
Time-resolved photoluminescence experiments were performed with 1.5 ps pulses, provided by a Ti:Al 2 O 3 laser with a 12 ns repetition time, exciting at an angle <2 • with respect to the growth direction. The samples were kept in a cold finger cryostat where T could be changed from 5 to 300 K. For samples B and C1 the PL was collected, for K 1 × 10 4 cm −1 , and time resolved using an up-conversion spectrometer with 2 ps resolution. For samples A and C2 the PL was energy and time resolved using a spectrograph in conjunction with a streak camera, with an overall time resolution below 10 ps. In order to map the PL properties along the polariton dispersion, we measured the emission at different angles θ with respect to the normal of the sample, since K = (E C /hc) sin θ , where E C is the energy of a bare cavity photon. The angular resolution was better than 1 • , corresponding to wavevector resolution of 10 3 cm −1 .
For polarization-resolved measurements, polarization optics (λ/4 plates, linear polarizers) were used in order to prepare the polarization of the excitation pulse and to analyse the polarization of the emission. The polarization characteristics of the emission are studied through the degree of polarization, P, defined as P = I co −I cross I co +I cross , where I co/cross is the intensity of the polarized components of the emission with polarization parallel/orthogonal to the polarization of excitation (in the case of circular polarization co/cross corresponds to σ + /σ − , while for linear polarization the excitation was either vertical (TE) or horizontal (TM)). The degree of polarization is denoted in the following as polarization.
The non-resonant excitation energy is tuned to the first reflectivity dip above the stop band of the DBRs, which varies from sample to sample, to assure equivalent excitation conditions in all the experiments for each sample. The created excitons relax very fast (∼100 fs) by optic phonon emission to polariton states. The scattering processes to thermalize the polaritons close to K ∼ 0 are profusely discussed in [26, 10] and [73] , where exciton-exciton Coulomb scattering is shown to play a key role.
Sample characterization
The mode splitting between the LPB and UPB at different positions of the samples can be readily obtained from time-resolved PL measurements. Figure 1 shows a contour plot that (1), as a function of detuning and in-plane wavevector. The exciton energy is assumed as ω X = 0. The parameters for the calculations are taken from table (1) and = 9.5 meV. compiles the PL spectra at 10 ps, measured at different points of the sample C1 at K = 0 and 5 K. The PL shows a clearly resolved doublet, which allows determining the energy splitting between the two normal modes and proves the presence of SC of excitons and cavity modes. A clear anticrossing between the bare states is observed, leading to a Rabi splitting of ∼ 9.5 meV. The arrow marks the position of resonance (δ = 0), where both polariton branches have equal character of exciton and cavity mode. The region at the left/right of the arrow corresponds to the so-called negative (δ < 0)/positive (δ > 0) detuning, where the LPB has a stronger cavity-/exciton-like character. The two modes correspond to the solution of the equation [74] 
where ω X and ω C are the exciton and cavity frequencies, respectively, γ is the non-radiative exciton broadening, γ C the cavity mode linewidth, V the coupling strength between the exciton and the cavity mode, and the solutions correspond to the UPB (ω + ) and the LPB (ω − ). The Rabi splitting is given by
Additionally to the position tuning of the cavity energy, the angle of observation can be scanned in order to probe the K -space of the dispersion. Figure 2 shows the UPB and LPB dispersion surfaces (calculated from equation (1) and table 1) as a function of the tunable Figure 3 . The cw photoluminescence for three different detunings, δ = +9, −17 and −25 meV for sample C1. The lower graphs show the energies of the peaks as a function of detection angle. Values for negative angles are duplicated from those for positive ones and are only drawn for illustration. All spectra were taken at T = 8 K and 1 W cm −2 . Observation angles were limited to ∼22 • . parameters in this system. The range of the parameters roughly corresponds to the detunings and angles that can be addressed by the experimental set-ups used in our experiments. Angleresolved PL measurements were done by selecting a certain angular portion of the emission with a pinhole, which was placed in front of the collecting lens. An angular resolution of ∼1.5 • was achieved and the maximum observable angle (limited by the cryostat window) was ∼ ± 22 • . Figure 3 shows the PL spectra for three detunings, δ = +9, −17 and −25 meV, as a function of detection angle. At δ = −25 meV, i.e. the bare exciton energy is 25 meV above the cavity, the maximum emission intensity comes from the K = 0 LPB states, and the intensity decays rapidly with increasing angle. However, at 22 • the intensity increases again and is only about 20% smaller than the zero-angle value. At δ = −17 meV, the emission at angles higher than zero also decays quickly, but now at 18.4 • a pronounced maximum arises which is very sharp in angular distribution, FWHM ≈ 2 • , and is one order of magnitude more intense than the zero-angle emission. These findings demonstrate that a relaxation bottleneck is occurring at these angles. At a positive detuning of δ = +9 meV the angular distribution of the emission of the LPB around K = 0 is very broad (about ±8 • ). These results can be compared to the semi-classical model and a very satisfactory agreement is obtained [75] ; thus the calculated excitonic and cavity fractions and the LPB density of states DOS can be used to complement the information extracted from the measurements.
It is also clearly observed in figure 3 that the coupling modifies the dispersion relation strongly so that the relaxation from large in-plane wavevector excitons towards K = 0 states is very slow (bottleneck effect). At negative detunings the in-plane dispersion relation close to K = 0 is extremely steep compared to that of a bare quantum well. Furthermore, the strong coupling produces a distorted S-shape of the LPB band, which is responsible for the large efficiency of pair-polariton scattering, as compared with bare exciton and cavity modes that have quadratic dispersions at small K hindering pair scattering, because both energy and momentum cannot be conserved simultaneously. The trap in energy close to K = 0 facilitates the existence of FSS polariton-polariton scattering. The effective mass of the polaritons, ∼10 −5 m e , several orders of magnitude smaller than the hydrogen atom mass, can allow the condensation of polaritons at temperatures much higher than those required for atom Bose-Einstein condensations. The small density of states at the bottom of the trap also helps to achieve large occupation numbers at densities where the bosonic approximation is still valid and FSS scattering takes place.
The spectral and dynamical properties of the polariton emission can be studied very conveniently by time-resolved PL spectroscopy. Figure 4 (a) depicts the low-temperature (5 K) emission spectrum of sample B, for a positive detuning, at low excitation (0.5 W cm −2 ) obtained 530 ps after the arrival of the excitation pulse (1.706 eV). Two peaks are resolved in the spectrum, which can be satisfactorily fitted with Lorentzian lineshapes, at 1.615 eV ('exciton'like) and 1.620 eV ('cavity'-like), obtaining a normal mode splitting (NMS) of 5 meV. The characteristic time evolutions of the emission of the LPB ('exciton') and of the UPB ('cavity') are presented in figure 4 (b). The initial rise of the PL has several contributions: the first one comes from the binding of the non-resonantly created electron-hole pairs into large K excitons in the first tens of picoseconds [77] . These excitons scatter into LPB and UPB states and continue reducing their energy and momentum via acoustic-phonon emission. Once they have reached K = 0 states, the PL reaches its maximum value. This K = 0 population exponentially disappears because of radiative recombination and escape of the photons from the cavity. One can see in figure 4(b) that the time dependence is very similar for both polariton branches: the rise and decay times of the PL are slow. The solid lines in the figure are fits with a four-level model, which considers an initial reservoir of large K exciton-polaritons. The relaxation towards K ∼ 0 states is taken into account by the non-radiative decay of the reservoir population to UPB or LPB states. This non-radiative decay is characterized by τ U r and τ L r , which are the rise time of the PL emitted by the UPB and the LPB, respectively. This non-radiative decay builds the UPB and LPB populations. The radiative decay from these states is characterized by τ U d and τ L d , which are the decay time of the PL emitted by the UPB and the LPB. This simple model allows extracting both the rise and the decay times of the LPB and of the UPB. A detailed study of these characteristic rise and decay times as a function of NMS has revealed almost no dependence on this splitting, in agreement with the results of Abram and co-workers [78] and of Sermage et al [2] for the case of positive detunings (δ > 0). The characteristic times extracted from the four-level model fit are summarized in the figure. These times have to be considered just as a first approximation to the polariton dynamics, especially in the case of the rise time, due to the simple relaxation processes considered in the model. More sophisticated models, which take into account the relative exciton-photon composition of the UPB and LPB states, have to be considered to give an accurate description of the recombination dynamics.
Emission dynamics under high-excitation conditions
With increasing excitation density, drastic changes are observed in the time-resolved spectra as well as in the recombination dynamics. At low power densities, both the LPB and UPB have a similar dependence on power (slightly larger that linear). In contrast, the dependence of the LPB emission on power shows a threshold. Figures 5(a) and (b) display two PL spectra for sample B, measured 100 ps after excitation, below (•, 7 W cm −2 ) and at the threshold (•, 20 W cm −2 ), respectively. At low power, the cavity-like mode (C) is at higher energy that the exciton-like mode (X), i.e. δ > 0, similar to the situation found in cw experiments. Although the LPB is not clearly resolved at 100 ps, the NMS becomes apparent at longer times, when both branches have comparable intensities. At high powers, the situation is reversed and the LPB/UPB has photonic/excitonic character, i.e. δ < 0. The LPB can be clearly resolved for excitation densities I 14 W cm −2 as a very narrow peak at 1.621 eV (marked as C in figure 5 (b)), and it sharpens with increasing density, up to a certain threshold I th , reducing its width by a factor of ∼4. This narrowing also occurs for the UPB, but its linewidth is only reduced by a factor for ∼2. The NMS is practically independent of power. The time evolution is also strongly affected by an increase of excitation density, as shown in figures 5(c) and (d). For small excitation densities (•, 7 W cm −2 ) the time evolution is similar to that typical of QWs under non-resonant excitation: the emission is characterized by slow rise and decay times [79, 80] . For larger excitation (•, 20 W cm −2 ), the rise and decay times are faster, and a delay time of ∼30 ps is needed to reach the nonlinear emission regime. This onset in the PL might be related with the bottleneck in the relaxation of polaritons towards K = 0 states [81] . The rapid rise of the PL observed above threshold is interpreted in terms of stimulated scattering, which enhances the build-up of the polariton K = 0 population.
As mentioned above, the LPB and UPB emission energies at short times are higher than those observed at long times, and there is an exchange of the excitonic/photonic character of the two polariton branches with increasing delay time. Figure 6 depicts the emission energies of both polariton branches as a function of time for an I th excitation power. At short times (<100 ps), the UPB has an excitonic character (X) while the LPB has a photonic character (C). As the polariton population decreases at longer times, due to its recombination, the LPB recovers its exciton-like character (X) and the UPB its photon-like character (C), as was determined by cw and long-delay time-resolved experiments performed under low excitation densities. The excitonic part of the polariton is the one that red shifts with time, while the shift of the cavity mode is negligible, as expected from its electromagnetic character. Similar shifts of excitons have been observed in bare QWs and have been attributed to excitonexciton interaction [82] [83] [84] . A clear anticrossing of the UPB and the LPB is observed at ∼200 ps. This dynamical shift of the exciton obtains negative detunings at short times, before the anticrossing takes place. The blue shift, observed at short times in our experiments, is a manifestation of many-body effects and therefore one could expect that at high exciton densities the exciton-cavity coupling would be strongly reduced. The subject of nonlinear emission in III-V semiconductor microcavities has been controversial regarding the existence of polaritons under non-resonant excitation, due to bleaching at high densities [11, 19, 20, 69, 85] . However, the observation of an anticrossing in time indicates that, in this sample with GaAs QWs, the decrease of the exciton oscillator strength with increasing exciton population is not enough to destroy the exciton-cavity strong coupling and is a signature of the persistence of the polaritons.
The four effects just mentioned, linewidth reduction, excitation density threshold, acceleration of the dynamics and, especially, the anticrossing in time, suggest that the PL observed above I th can be attributed to polariton stimulated emission. In addition, the curvature (second derivative with respect to the delay time) of the very initial rise of the LPB time evolution shows important changes with increasing excitation power. It has been shown that in sample B [49] , the sign of the curvature changes from negative to positive around the excitation density threshold for the nonlinear processes mentioned above. A further increase of the excitation density leads to a progressive increase of the curvature. The curvature shows a small dependence on NMS: its absolute value, for a given excitation density, increases with decreasing splitting. This fact is linked with the reduction of the excitation density threshold with decreasing positive detuning. A similar effect is also observed in CdTe-based microcavities: figure 7 depicts the initial rise of the emission of sample C1 for I exc = 2 W cm −2 (hollow symbols) and 36 W cm −2 (full symbols) at a negative detuning of δ = −13.2 meV. Under low excitation density, the rise of the PL is similar to the one of a bare QW, and it follows a standard three-level model where the rise is proportional to N exc (1 − exp(−t/τ r )) and the curvature is clearly negative. However, when I exc = 36 W cm −2 , the curvature becomes positive and the rise can be fitted by a function exp(t/τ r ). Stimulated relaxation to the ground state (K = 0) leads to an exponentially increasing ground-state population, which accordingly leads to an exponentially increasing emission. Thus our data strongly indicate that FSS is indeed the underlying process of the observed dynamics. Another criterion to prove this assumption is the dependence of the intensity of the emitted light on excitation density, which also shows an exponential increase with excitation power [52, 75] . A similar exponential growth has been reported and interpreted in terms of FSS scattering [11] , as is characteristic of a bosonic system when the occupancy of the final state approaches unity. Also in the CdTe system, the linewidth (full width at half maximum extracted from a Gaussian fit of the energy spectrum) of the LP emission shows a strong reduction with increasing power, which in our case is limited by the spectral resolution of the experimental setup. Recently, a reduction of approximately two orders of magnitude in the polariton emission linewidth with the excitation power has been theoretically predicted and interpreted as a characteristic feature of polariton lasing [86] .
Angular dependence of the dynamics of the light emission
Up to now, we have been discussing the emission of the light at K = 0 for various types of microcavities. Let us focus now in this section on the behaviour of the light emission along the LPB dispersion. Figure 8 depicts the time evolution of the σ + -polarized emission for sample C2 at a negative detuning of −13 meV, in the nonlinear regime (excitation density 50 W cm −2 ), under σ + -polarized, non-resonant excitation. The non-resonant excitation of the sample creates excitons that rapidly relax into polaritons in the cavity. The emission starts at K ∼ 0(0 • ): at early times the dynamics of the light emission is governed by FSS scattering, which is responsible for the very fast rise and decay times of the PL. The bosonic character of the mechanism governing the relaxation is evidenced by an exponential increase of the PL intensity from the photon-like LPB with excitation power, similar to that observed in pumpand-probe [11] and cw PL experiments [17] and attributed to FSS. However, this behaviour is transient, and at later times the maximum intensity of the emission occurs at an angle of 15.4 • (K ∼ 2 × 10 4 cm −1 , shadowed trace), giving rise to a ring emission, which has also been observed in resonant excitation cw [73, 87] and time-resolved experiments [88] . In our case, the pulsed excitation at moderately high powers creates a large population and, therefore, the emission starts at K = 0, assisted by FSS. The resulting decrease of population, through the very fast emission dynamics, shifts the emission to larger K values, in agreement with the theoretical predictions [73] .
More striking is the observation of strong oscillations in the emission intensity shown in figure 9 . The period of the oscillation is ∼30 ps, and it is independent of the observation angle and helicity of the emitted light. The trace corresponding to an angle of 6 • reveals that the intensity of the emission collapses and revives, a behaviour never reported before, to the best of our knowledge, in any time-resolved emission of a semiconductor heterostructure, but reported in an atomic Bose-Einstein condensate [89] . At 15 • , where the maximum intensity as a function of K is obtained, a beating is also observed. When the angle of observation is further increased and the excitonic reservoir is approached, the intensity of emission decreases drastically, and after the first beat a slow decaying behaviour is obtained, typical of excitonic emission. The energy scale corresponding to the beat period is 136 μeV, which does not compare to any characteristic energy of our microcavity. A similar beat period, reported recently for wire-shaped microcavities [90] , has been attributed to uniaxial strain in the QW plane resulting from the cavity patterning to form wires. However, this cannot be the origin of the oscillations in our planar structures. Remarkably, these oscillations are in phase, so they cannot be caused by any kind of beats between σ + and σ − -polarized polariton states. The intensities of σ + -and σ − -components of the PL signal are rather similar, indicating that spin-relaxation of polaritons was quite efficient and that their ±1 spin states are nearly equally populated. However, the population of these two 'bright' states oscillates with a period of about 30 ps. These oscillations survive over 100 ps, which exceeds by two orders of magnitude the radiative life-time of exciton-polaritons in the photon-like part of their lower dispersion branch. On the other hand, the oscillations closely resemble the beats between bright-and darkexciton states observed by Renucci et al [91] . But in contrast with the Renucci experiment, no magnetic field has been applied to the sample in our case. Also, the effect we have observed is strongly nonlinear: at low pumping intensities we do not observe any beats; they only appear at strong enough pumping. These experimental facts make us conclude that in the nonlinear regime some new mixing mechanism appears that allows for the dark states to be populated and leads to quantum beats between dark excitons and exciton-polaritons. This mechanism must conserve the spin and optical coherence in the system; otherwise quantum interference between different states would be impossible. Recently, these results have been interpreted as arising from nonlinear coupling of optically active and dark crystal states [92] . One should mention that the oscillations are observed, for the same detuning, at different positions in the sample, which rules out local structure in the polariton spectrum due to polariton localization or the existence of weakly radiative localized excitons as their origin. Recently, these oscillations have also been observed under resonant excitation at the UPB [93] .
In order to demonstrate the robustness of the coherent interaction leading to the quantum beats between dark excitons and exciton-polaritons, we present in figure 10 the temperature dependence of the PL time-traces for a detuning of −17 meV and an emission angle of 5 • in the nonlinear regime. Different traces, which have been displaced vertically for clarity, for temperatures ranging from 5 to 100 K are plotted in a semi-logarithmic scale. The beats are clearly observed up to the highest temperature shown in the figure, indicating that the coherence is maintained in spite of the increased phonon population. The increase of temperature increases the beating time slightly (15% from 5 to 100 K). The beats between exciton-polaritons and spin-forbidden ('dark') exciton states take place in a nonlinear regime due to polariton-polariton and exciton-exciton collisions. Remarkably, these collisions conserve the spin and coherence in the system that allows for observation of a new kind of optical parametric oscillations. The long-living coherence in our system is a consequence of the strong bottleneck effect that makes polaritons spend the majority of their lifetime in the exciton-like part of their lower dispersion branch, having a low probability of radiative escape.
Polarization dynamics of the emission
The spin dynamics of cavity polaritons in the strong coupling regime has been experimentally studied by means of time-and polarization-resolved spectroscopy in the last decade. Let us discuss here the main effects that are observed in time-resolved PL experiments.
The analysis of the PL emitted after excitation with circularly polarized light is commonly used to study the properties of the third component of the total angular momentum J Z , which will be called spin in the following [94, 95] . A σ + excitation light will mainly populate the +1 spin level of the system. After that, a −1 spin population will appear as a result of the spin flip mechanisms, which eventually equalize both spin populations. The recombination of this −1 spin population will result in a σ − -polarized emission. In the case of the spin relaxation of cavity polaritons, their mixed radiation-matter character has to be considered. Since there is no mechanism that changes the spin of its photonic part, the spin relaxation of polaritons occurs through the spin relaxation of their excitonic component.
For excitons in bare QWs, the polarization reaches its maximum value just after excitation and then decays exponentially to zero (see the inset in figure 11 ) [79, 80] . On the other hand, in microcavities, due to the complex nature of polaritons, one expects the spin dynamics of this mixed state to be different from that of bare excitons or photons. This fact is documented for sample B in figure 11 , which depicts the time evolution of the polarization of the cavity mode for two different excitation densities below (0.33I th, solid symbols) and above (2I th , open symbols) the nonlinear emission threshold. In contrast with the monotonically decreasing behaviour of P found in bare QWs, a maximum is observed at a finite time after excitation. The polarization at t = 3 ps is ∼10%, which means that, after the relaxation of polaritons to K = 0 states, only 55% of the total population is in the +1 spin state. Such a small value of P is mainly due to the non-resonant excitation conditions. P max is reached in 60-100 ps, and its value increases with excitation density. The fact that a finite time is needed to reach P max implies that there must be a new scattering mechanism that favours polaritons with +1 spin, and thus competes with spin relaxation and tends to prevent equalization of both spin populations. At very low powers, the relaxation of large in-plane wavevector excitons is governed by the emission of acoustic phonons, which has no spin dependence. At high powers, the new mechanism can be interpreted as polariton-polariton scattering, which is stimulated by the polariton final-state population [16] . The increase of P max with excitation density provides evidence that there is an enhancement of the scattering to the +1 spin state. The stimulation does not occur for the σ − -polarized LPB emission, which also shows a time evolution with rise and decay times much longer than those observed in the nonlinear regime for the σ + emission.
For excitation densities above the threshold, the time evolution of the cavity-mode polarization displays a much richer behaviour. The LPB polarization reaches values as high as 95% when entering into the nonlinear emission regime. In contrast, for the UPB, although it shows a similar behaviour, its polarization is only 60%. After the initial rise of the polarization, once the maximum is reached, its dynamics is strongly dependent on NMS. For small excitoncavity detunings (4.5 meV), such as the one shown in figure 11 , a negative dip (−60%) is observed at ∼150 ps, which is absent for larger NMS [48] . The remarkable change in the state of polarization of the emitted light from +80% to −60%, taking place in a very short time (∼100 ps), is unique. A similar phenomenon has been reported for QWs [96, 97] and is attributed to an anisotropic spin-splitting of localized excitons, induced by the long-range electron-hole exchange interaction. In our case the splitting could be due to birefringence effects, as discussed in section 8.
Once the minimum of P is reached, the polarization dynamics becomes slower: by then the polariton population has decreased by a factor 5-10 (depending on the power density) and the remaining +1 spin population is too small to give rise to stimulation. Under these conditions, only the usual spin-flip mechanisms govern the polarization, which decreases steadily. It should be mentioned that excitation with σ − yields identical results to those of the σ + excitation discussed above, as expected from time reversal symmetry arguments. The sign reversal of the polarization is also observed for the σ − excitation and it is also the majority spin population (−1 in this case) the only one that undergoes stimulation.
Similar effects are also observed in II-VI microcavities. The time evolution of the emission for sample C1 is presented in figure 12 for different detunings, where solid (dashed) lines show the co-(counter-) polarized components. The left panels correspond to the LPB under low excitation conditions: the increase in the decay rate is clearly seen going from positive (δ = +15 meV) to negative (δ = −21 meV) detunings, while the difference in intensity of both polarized components is very small and independent of δ. However, this situation changes drastically when the system is brought into the nonlinear emission regime, as can be observed in the right panels of figure 12 , which correspond to an excitation power density of 60 W cm −2 , and the emission stems from the branch with the largest photonic content. For δ = +15 meV the co-polarized emission (σ + σ + ) is considerably larger than the counter-polarized (σ + σ − ); the difference becomes even larger and the decay rates also increase at δ = +8 meV. However, the intensities become comparable close to resonance (δ = 0 meV) and the counter-polarized emission becomes dominant for negative detunings.
The time evolution of the circular polarization is depicted in figure 13 . The open points correspond to the low excitation regime, which shows a dynamics of the polarization independent of the detuning and very similar to that found for bare excitons in QWs. The traces with the full symbols are taken at an excitation density of 60 W cm −2 and demonstrate the very rich behaviour of the polarization when the cavity is in the nonlinear emission regime. At positive detunings, P is positive and it increases up to its maximum value, which can be as high as 90%, in 20 ps; subsequently P decreases to zero. The rise of the polarization (0 < t < 20 ps) can be interpreted as follows: the initial σ + -polarized pulse creates a larger +1 Figure 13 . Time evolution of the polarization for sample C1 at different detunings, from δ = −25 to +15 meV, for an excitation power density of 60 W cm −2 (solid points). A representative evolution at low power, 2 W cm −2 , is depicted with open symbols. Each curve is offset by 100%, except the curves for low power and those corresponding to δ = −25 meV and δ = −10 meV. spin population. A fast scattering process will bring all the photocreated excitons to the cavity mode before any spin relaxation can occur, which will result in a larger +1 spin population of K ∼ 0 states at t = 0. This initial +1 spin population will act as a seed for the stimulated scattering process and therefore a large number of +1 spins will be transferred to K ∼ 0 states. The radiative recombination of this population will result in a bigger σ + -polarized emission, i.e. a very large positive polarization. After reaching the maximum +1/ − 1 spin population difference (t ∼ 20 ps) the +1 spin population disappears very quickly through the σ + -polarized stimulated emission process, taking the polarization to zero (20 < t < 40 ps). P presents a very short time interval of negative values, when δ is close to zero, followed by a maximum, before P decreases steadily to zero. At negative detunings, P becomes basically negative, reaching values as large as −75% for δ ∼ −12 meV. It even shows a plateau lasting ∼30 ps at δ = −14 meV, before the absolute values of P begin to decrease when the detuning is further increased to negative values. This behaviour is related to the spin-selective polaritonpolariton stimulated scattering to the final state, which is strongly dependent of the excitoncavity detuning.
In the case of δ < 0, the initial σ + -polarized pulse creates a larger +1 spin population, which is reflected at K ∼ 0 by the positive polarization at t = 0. The relaxation of the nonresonantly created polaritons to K ∼ 0 is governed by the FSS scattering. Nevertheless, the scattering to the −1 spin states is more efficient than to +1 spin states. The accumulation of −1 spin polaritons results in a larger σ − -polarized emission and, therefore, a very large negative polarization. This negative polarization could be attributed to a resonant excitation of light hole excitons; however, this possibility can be discarded by energy arguments (the excitation energy is always at least 30 meV above the light-hole exciton resonance) and furthermore, such a resonant excitation would lead to a negative initial polarization degree, in contrast with the experimental findings.
The different scattering efficiencies might be related to an energy splitting, , observed between the two circularly polarized component of the PL at very short times. This splitting, which is mirroring the different energies of the +1 and the −1 spin levels, increases with excitation power, saturating at ∼0.5 meV for 20 W cm −2 [50] . In the case of δ > 0, the splitting is observed only for the UP branch. At negative (positive) detunings, the energy of the −1 (+1) spin states at K ∼ 0 is smaller than that of the +1 (−1) spin states; this fact, in addition with the differences in the +1/−1 stimulated scattering processes, would account for the large σ − (σ + )-polarized emission intensity and the observed negative (positive) polarization. The physical origin of this energy splitting between the two spin states at K ∼ 0 still needs to be clarified, but it is likely to account for the reversal of the polarization degree of the PL with changing the exciton-cavity detuning. The splitting would be compatible with a decrease in the light-matter interaction strength for the majority polaritons (+1), which are initially created by the σ + -polarized excitation, as compared to that of the minority (−1) polaritons. This would imply that, for negative (positive) detuning, the +1 states would lie above (below) the −1, rendering a < 0 (> 0) as borne out by our results. However, our experiments show that, with increasing excitation density, an initial blue shift of 0.5 meV for both ±1 states, without any splitting, is followed by a red shift of the −1 polaritons, while the +1 remain at the same energy [51] . Therefore, the coupling strength of the +1 polaritons does not decrease, invalidating the previous argument. Note that the appearance of the splitting occurs concomitantly with the developing of negative values of the polarization and that both the splitting and P saturate simultaneously. The fact that the splitting increases with excitation power density indicates that it could originate from exciton-exciton interactions. An existing theory for bare excitons would qualitatively explain the splitting and the ±1 level ordering, as a result of exchange and vertex corrections to the self-energies [98] , but only for δ < 0. Recently a quantum theory of momentum and spin relaxation of polaritons in microcavities, that takes into account self-consistently stimulated scattering and spin-relaxation processes, attributes the observed beats between right-and left-circularly polarized PL to a giant longitudinal-transverse splitting of the polaritons at the bottleneck that mixes their spin states and shows that the effect is strongly sensitive to the bosonic stimulation of polariton scattering [56] . The polarization oscillates with a period proportional to the inverse of the TE-TM splitting and the beats are sensitive to the pumping power due to the interplay between stimulated scattering and spin rotation. However, the theory does not reproduce the fact that the oscillations also take place at K = 0 and δ = 0 (the TE-TM splitting vanishes at this point); one needs to consider a negative detuning (δ = −10 meV) to obtain oscillations at K = 0. In the latter case, where a strong bottleneck effect arises (i.e. the maximum of polariton population corresponds to a nonzero in-plane wave vector of light), the polarization of all lower states is found to be strongly influenced by the bottleneck effect. These experiments and the theoretical frame explaining them demonstrate that the conservation of the spin coherence is compatible with fast relaxation processes.
Finally, let us mention that a detailed study of the spin-dependent polariton dynamics for CdTe microcavities as a function of detuning can be found in the work of Aichmayr et al [51] .
Coexistence of strong and weak coupling
Increasing the pump power in a microcavity raises the carrier density, then screening and phasespace filling effects decrease the exciton oscillator strength resulting in a decrease of the Rabi splitting [85] . As a consequence, when the excitation power increases, a transition from the strong-to the weak-coupling regime occurs and the emission of the system shifts from the polariton energy to the bare-cavity mode energy [99] . The integrated emission intensity, for σ + excitation, of the two orthogonal polarizations (σ + , solid dots; σ − , open dots) is plotted in figure 14 for sample C2, at a negative detuning of −14 meV, as a function of excitation power together with the degree of polarization (pentagons). As the excitation power is initially increased a superlinear increase of the emission is observed for both polarizations. A further increase of the power above ∼5 mW (first threshold) originates a dramatic increase of the σ − emission, while the signal with σ + polarization presents a much less marked dependence with power. This effect is the one responsible for the appearance of negative degrees of polarization such as the ones depicted in figure 13 . A second threshold is obtained at a power of ∼10 mW, when the intensities of the σ − emission practically saturate and the σ + PL only increases slightly with power. This behaviour of the polarized emission results in the appearance of a negative degree of polarization at the first threshold, which reaches values as big as −90%. The excitation density-dependent energy shifts of the emission have to be observed carefully, in order to establish whether the system is in the strong-or the weak-coupling regime. This analysis shows [51] that, on increasing the excitation density, both emission peaks shift to higher energies, obtaining a blue shift of ∼0.5 meV at 5 mW. This value is smaller than the separation between bare and coupled modes at this detuning, confirming the endurance of the strong coupling. This dependence changes for higher densities: the σ ++ emission energy remains approximately constant, whereas the σ +− peak red shifts when the power is further increased, which leads to an energy splitting between the two spin components [51] . This happens at the same density where the negative polarization sets in. Therefore, for the CdTe system one can conclude that even under non-resonant excitation the polaritons remain in the strong coupling regime for the powers reported in figure 14 .
The situation is, however, quite different when considering the InGaAs system, where a transition from the strong-to the weak-coupling regime is observed at relatively low powers under conditions of non-resonant excitation. Figure 15(a) shows the integrated emission intensity for the two orthogonal polarizations (σ + , solid dots; σ − , open dots), for sample A at resonance (δ = 0), as a function of excitation power for σ + excitation. Again a similar behaviour to that reported in figure 14 can be observed, but at different excitation powers and with different sign of the polarization degree. An initially slow increase of the emission is observed for both polarizations. A further increase of the power above ∼0.8 mW (first threshold) produces a dramatic increase of the σ + emission, while the signal with σ − polarization presents a much less marked dependence with power. A second threshold is obtained at a power of ∼1.2 mW, when the intensities of both emissions practically saturate. However, an analysis of the excitation density-dependent energy shifts reveals that in this case the system undergoes a spin-dependent transition from the strong-to the weak-coupling regime when the power is increased. This behaviour can be observed in figure 15(b) , where the energies of the emission are plotted versus excitation power: at very low powers the emission energy is the same for σ + and σ − polaritons, corresponding to that of the LPB; however, a splitting appears at an excitation power of 0.4 mW. Both polarizations undergo a gradual loss of strong coupling with increasing intensity, but the resulting Rabi splitting is different for σ + and σ − polaritons under the same excitation conditions, as has been also observed in the literature [19, 100] . At 1 mW the σ + polaritons are in the weak-coupling regime (as can be readily inferred by its position that has reached the bare-cavity energy), while the σ − polaritons energy is still well below the cavity mode energy and a complete loss of the strong coupling is reached only at 1.7 mW. The origin of this breaking of the spin degeneracy at high exciton density can be discussed on the light of the changes in the exciton oscillator strength. Two processes are likely responsible of these changes in a QW: the phase-space filling, a blocking mechanism due to the exclusion principle, and the modification of the e-h interaction induced by the presence of other e-h pairs [83] . Both exchange (also a consequence of the exclusion principle) and long-range Coulomb effects can modify the e-h interaction. In a 2D system, the effect of the long-range Coulomb effect can be disregarded [83] .
To have a deeper understanding of the dependence of the energy splitting on the relative populations of opposite spin, it is useful to examine the occupation factors of the σ + and σ − polaritons as a function of excitation power. This analysis yields that the occupation factor n σ + f reaches unity at 1.1 mW, when the emission is fully photonic, and a laser-like emission (100% σ + -polarized) is observed [101] . Plotting the σ + and σ − LPB peak energies versus the respective occupation factors, in the region below where the strong coupling is completely lost, the two curves are exactly superimposed. Therefore one can conclude that the energies of emission of the polarized polaritons, and consequently the regime of existence of polaritons (strong versus weak coupling), is fully determined by the occupation factor of the polaritons with a given spin and does not depend strongly on the total population of both kinds of polaritons [101] . This strong dependence of the emission energies on the relative populations of opposite spin has been explained for an exciton gas in a QW through an exciton-exciton interaction model [98] . According to this model the energy level splitting is due to many-body inter-excitonic exchange, while intra-excitonic exchange is responsible for the spin relaxation time. The energy difference of the spin levels is directly proportional to the polarization [98] , a fact that we and others [100] have also found in microcavities. However, in QWs the σ + energy remains almost constant with increasing excitation intensity; the splitting is mainly due to a red shift of the σ − emission energy and it vanishes, together with the degree of polarization, in a time of the order of 50 ps. In spite of a good qualitative agreement of the amount of the energy splitting on the relative difference of the unbalanced populations, further investigations are needed to obtain a better understanding of this mechanism in a semiconductor microcavity. In fact, the dynamics of the emission is strongly modified by the cavity and the decreasing Rabi splitting effect on the polaritons energy has to be added in the calculations of the absolute position of the PL peaks.
Pinning of the linear polarization
In the quest for polariton lasing, one of the very important issues is the polarization dynamics in microcavities. A spontaneous build-up of the linear polarization in the emission of polariton lasers has been predicted theoretically [68] . According to this theory, the direction of linear polarization would be spontaneously chosen by the system, and it would vary randomly from one experiment to another. Only recently has the degree of linear polarization of the emission been studied in microcavities of InGaAs [62] , also paying special attention to its angular dependence [60] , and of CdTe [59] . The work of Krizhanovskii et al [62] suggests that some built-in anisotropy may affect the polarization relaxation of polaritons. Our studies both in sample A and C2 demonstrate experimentally that the linear polarization of emission of polariton lasers can be pinned to one of crystallographic axes. This pinning comes from the optical anisotropy of microcavities, which may be caused by a small birefringence in the mirrors and cavity, by the exciton localization at QW interfaces or by the QW intrinsic anisotropy. A careful analysis has led us to conclude that the first option is the most likely one [63] . Figures 16(a) , (b) display the time evolution of the two linearly polarized components of the PL (semi-logarithmic scale) from the LPB of sample C2 after horizontally polarized excitation for excitation densities below (6 W cm −2 , spontaneous) and above (56 W cm −2 , stimulated) the stimulated scattering threshold, respectively. The decay time amounts to 130 ps/15 ps in the spontaneous/stimulated regime. It can be clearly seen in both figures that the intensity of the vertically polarized emission (dashed line) is larger than that of the horizontally polarized one (solid line) and that this difference of the intensities is visible all through the duration of the emission. This becomes more evident looking at the time evolution of the degree of linear polarization of the emission (obtained from the time evolution traces), P, which is displayed in figures 16(c), (d), for the same conditions as in figures 16(a), (b). In the spontaneous regime ( figure 16(c) ), a build-up of a negative polarization is observed during the first 50 ps, after which a net polarization of ∼35% is recorded as long as there is any measurable signal. In a similar way, a polarization degree of −65% is obtained for a larger excitation density ( figure 16(d) ) once in the stimulated regime, in which the linear polarization degree reaches its maximum value (∼90%). This remarkable enhancement of the linear polarization degree is due to the bosonic stimulation effect, triggered by the large occupation numbers of the ground state obtained in the stimulated scattering regime.
In both regimes, the decay time of the linear polarization degree is of the order of 1 ns, i.e. much longer than the intensity decay time. The inset shows the time evolution of the circular polarization degree of the PL obtained under similar conditions as in the experiment described above but using circularly polarized excitation/detection: it shows a fast decay on a timescale of 40 ps and then becomes negligible. Thus, surprisingly, the linear polarization decay time is much longer than all the other characteristic times of the system. Furthermore, the fact that P is negative implies a 90 • rotation of the polarization plane of the emission with respect to that of the excitation. A rotation of the excitation plane by 90 • (exciting the PL with vertically polarized light) still results in the vertically polarized component of the PL being stronger all through the duration of the emission. These experimental results show that the polarization of the emission is pinned to one of the crystallographic axes of the structure. This pinning has been confirmed by supplementary experiments performed with the sample rotated 90 • , returning to same spot and using similar excitation conditions. In this case, we have also found that the preferential orientation for the polarization of the emission is rotated by 90 • , thus confirming the pinning along the same crystal axis as before.
We interpret these striking effects, i.e. the long decay time of P and the pinning of the linear polarization, as a consequence of a splitting of the polariton ground state. This splitting can arise from either a splitting of the exciton resonance into a linearly polarized radiative doublet or from a splitting of the photon eigenmodes of the cavity polarized vertically and horizontally, which can be caused by the fluctuations in the photonic potential arising from misfit dislocations in the Bragg mirrors [64, 102] . It is worth mentioning that the longitudinaltransverse splitting of exciton-polaritons, which is responsible for polariton spin relaxation in the excited states, is always zero at k = 0 [56] .
The inset in figure 17(a) shows the PL of sample C2 under cw excitation (3 mW) at 1.705 eV with horizontally polarized light on a spot of diameter 2.5 μm at a detuning of −15 meV. The peak positions of the emission polarized horizontally (solid dots) and vertically (open dots) are plotted in figure 17 (a) versus lattice temperature. The resulting splittings from the difference of the peak positions of both polarized emission are compiled in figure 17(b) , and the linear polarization degree is shown in figure 17 (c) as a function of T . These cw experiments confirm the existence of an energy splitting between the two linearly polarized components of the PL ( figure 17(b) ) and show that the component lying at higher energies always has a larger intensity than that of the counter-polarized one, indicating a non-thermal origin of the polarization. These experiments also show that the splitting is very robust. The linear polarization and the splitting have a similar temperature dependence, monotonically decreasing with T and both vanishing at T ∼ 100 K, thus confirming the direct relationship between the energy splitting and the observed linear polarization degree.
The origin of the splitting has been profusely discussed in [63] , and it has been shown that a slight birefringence of the cavity or the mirrors, which splits the bare photon modes of the microcavity in horizontal and vertical polarizations, is the most probable candidate for this effect. The frequency ω c of the uncoupled cavity mode is inversely proportional to the refractive index of the cavity material n c . In an ideal λ-microcavity ω c = 2π c/n c L c ω c , where L c is the cavity width. Thus, a small change of n c leads to a variation of the cavity frequency given by
To obtain an energy splitting of 400 μeV, the refractive index of the cavity should vary by about 0.04% between horizontal and vertical polarizations. Such a small variation can be a result of a weak uniaxial strain in the plane of the cavity.
Conclusions
We have shown that semiconductor microcavities provide an exceptional scenario to study strong radiation-matter interactions in solid-state physics. We have reviewed the temporal dynamics of polaritons in II-VI and III-V based microcavities under non-resonant excitation conditions. We have presented evidence of final-state stimulated scattering and have discussed the spin-dependent emission, which exhibits a remarkably rich behaviour. We have shown that the loss of strong coupling for a polariton population of a given spin is determined by the occupation factor of that population and is not strongly influenced by the presence of oppositespin polaritons. Finally, we have demonstrated a pinning of the linear polarization degree in non-resonantly pumped microcavities, caused by a splitting of the polariton ground state, which is due to a slight birefringence of the cavity or the mirrors.
